The phosphatidylinositol-3 kinase (PI3K)/Akt (Protein Kinase B)/ mammalian target of Rapamycin (mTOR) pathway regulates cell growth, survival and angiogenesis in cancer (Engelman, 2009; Markman et al, 2010; Laplante and Sabatini, 2012) . PI3K is a lipid kinase catalysing the formation of phosphatidylinositol-3,4,5 triphosphate (PIP3) from phosphatidylinositol 4,5 bisphosphate (PIP2). PIP3 then recruits phosphoinositide-dependent kinase 1 (PDK1) and Akt to the plasma membrane where Akt is phosphorylated on Thr308 by PDK1, leading to partial activation of Akt (Nicholson and Anderson, 2002) . This latter event triggers Ser473 Akt phosphorylation, rendering Akt fully active. Activation of mTOR by Akt stimulates protein synthesis through the actions of the ribosomal protein S6 kinase (S6K) and the translational initiation factor eIF-4E-binding protein 1 (4EBP1) (Guertin and Sabatini, 2007; Meric-Bernstam and Gonzalez-Angulo, 2009) . A negative regulatory feedback loop exists between mTOR and PI3K, which is mediated by S6K-dependent phosphorylation of Insulin Receptor Substrate-1 (IRS-1) -the substrate of the tyrosine kinase receptor coupled to PI3K (Sun et al, 2005; O'Reilly et al, 2006) . Inhibition of mTOR can thus lead to Akt activation, which can phosphorylate numerous substrates, thereby promoting cell proliferation and survival (Chandarlapaty et al, 2011) .
The phosphatase and tensin homologue deleted on chromosome 10 (PTEN) acts as a negative regulator of PI3K by dephosphorylating PIP3, resulting in a decreased activation of its downstream targets including Akt (Maehama and Dixon, 1998; Stambolic et al, 1998) . It is well demonstrated that the PI3K/Akt/ mTOR pathway is constitutively activated in a variety of human cancer mostly because of the loss of PTEN (Hollander et al, 2011) . In particular, PTEN loss of heterozygosity or PTEN decreased expression has been observed in a large number of invasive urothelial carcinoma (UC) (Aveyard et al, 1999; Tsuruta et al, 2006; Platt et al, 2009; Qian et al, 2009) . Several preclinical models have further shown that PTEN-deficient tumours present an enhanced sensitivity to mTOR inhibitors because of a sustained activation of PI3K/Akt signaling Podsypanina et al, 2001; Shi et al, 2002; Steelman et al, 2008) . These experimental observations have encouraged clinical trials aiming to evaluate mTOR inhibitors in different cancer types, including bladder cancer, mostly represented by transitional carcinoma cell (TCC). Recently, we reported the results of a phase II trial documenting the clinical activity of the mTOR inhibitor everolimus in patients with advanced bladder TCC after failure of platinum-based chemotherapy (Seront et al, 2012) . Interestingly, using archival tumour samples of these patients, we found that PTEN loss was paradoxically only observed in patients resistant to everolimus.
In the current study, we have therefore examined the link between PTEN expression and the status of the mTOR pathway. A negative correlation between PTEN expression and Akt phosphorylation (Ser 473) in human TCC specimens led us to explore whether this pathway could account for the resistance (instead of the sensitivity) to the mTOR inhibitor rapamycin in mouse models of bladder cancer. We found that PTEN-deficient bladder tumour cells were indeed more resistant to rapamycin than PTEN-positive cells because of their inability to abrogate the activation of the prosurvival Akt signaling cascade induced by mTOR inhibition itself. We also demonstrated that pharmacological inhibition of PI3K could enhance the therapeutic effects of rapamycin, particularly in PTEN-deficient bladder tumours.
MATERIALS AND METHODS
Cancer patient tissue samples. Formalin-fixed paraffinembedded (FFPE) samples were archival tumour tissues retrieved from patients enrolled in a phase II trial that evaluated efficacy of everolimus in advanced TCC (Seront et al, 2012) . Disease control rate at 8 weeks, including complete response, partial response and stable disease, was the primary end point of this trial (see Seront et al (2012) for details). Tissue samples harbouring PIK3CA mutations were excluded for this study, leaving 15 tissue samples for immunohistochemical analyses, 5 from patients with controlled disease and 10 from patients with non-controlled disease upon everolimus.
Tumour cells and in vitro treatments. Human bladder cell lines UM-UC-3, UM-UC-9 and UM-UC-14 were acquired from ECACC, in which they are regularly authenticated. Cells were stored according to the supplier's instructions, used within 6 months after resuscitation of frozen aliquots and cultured as recommended by ECACC. Cell proliferation was determined in 96-well plates using crystal violet after treatment or not with rapamycin or wortmannin (LC Laboratory, Woburn, MA, USA). In some experiments, UM-UC-3 cells were transfected with a plasmid encoding wild-type PTEN (Addgene, Cambridge, MA, USA) (or the corresponding empty vector as control) (Ramaswamy et al, 1999) using the X-tremeGENE 9 reagent (Roche, Penzberg, Germany).
Mouse models and in vivo treatments. Eight weeks old female NMRI nude mice (Elevage Janvier, LeGenest-St-Isle, France) were injected subcutaneously with 3 Â 10 6 tumour cells in the right dorsal flank. Tumours were allowed to reach a minimal diameter of 5 mm, and the animals (five to six mice per group and per experiment) were then injected every 2 days with either DMSO (vehicle), rapamycin (0.75 mg kg À 1 per day) and/or wortmannin (1 mg kg À 1 per day). Tumour sizes were tracked with an electronic caliper, and at the killing tumour samples were frozen in liquid nitrogen. These procedures were approved by the local authorities according to the national animal care regulations.
Immunoblotting and immunostaining. For immunoblotting, cell extracts were separated by SDS-PAGE and transferred onto PVDF membranes before incubation with primary antibodies; gel loading was normalised with a b-actin antibody (Sigma, St Louis, MO, USA). Antibodies against total or phosphorylated proteins were all from Cell Signaling (Danvers, MA, USA) except the anti-phosphoThr308 Akt antibody, which was from Abcam (Cambridge, UK). For immunocytochemistry, cells were seeded in eight-chamber slides (Labtek, Roskilde, Denmark), treated and fixed before staining; secondary antibodies coupled to Alexa 488 were used and the nuclei were counterstained with DAPI. Immunohistochemistry was performed on FFPE tissue sections, as previously described (Seront et al, 2012) . Staining was evaluated by two independent observers to establish corresponding histoscores (H-score), using the following formula: percentage of weakly stained Â 1 þ percentage of moderately stained Â 2 þ percentage of strongly stained Â 3. In correlation analyses, a cutoff value based on the median tumour H-score was used so that protein expression was considered as low when omedian H-score and high when Xmedian H-score.
Statistical analysis. Association between PTEN expression and everolimus sensitivity was calculated using the Fisher's test. Correlation between the extents of protein expression/phosphorylation was calculated using Spearman's analysis. Progression-free survival (PFS) related to PTEN expression was analysed using the Kaplan-Meier method, and curves were compared using a log-rank test. In all the other settings, results are presented as mean ± s.e.m. and statistical analyses were carried out using two-way ANOVA tests (followed by a Bonferroni post-test).
RESULTS
Deficient PTEN expression is associated with non-controlled disease and Akt phosphorylation in advanced TCC patients treated with everolimus. We have previously reported a possible link between PTEN loss and everolimus resistance in patients with advanced bladder TCC (Seront et al, 2012 ). In the current study, using archival tumours (not displaying PI3KCA mutations), we found that patients with no or low tumour expression of PTEN (Supplementary Figure 1) had a shorter PFS than patients with PTEN expression (median survival 61 vs 119 days, respectively, exploratory log-rank P ¼ 0.002) (Figure 1 ). We then examined the association between PTEN expression, the phosphorylations of status of Akt, mTOR and S6RP (used as markers of mTOR/S6K activation), and the disease control under everolimus treatment.
The expression of PTEN was significantly associated (P ¼ 0.02) with controlled disease (Table 1 ). Among the above signaling proteins, Akt phosphorylation (Ser473) was positively correlated with mTOR/S6RP phosphorylation (P ¼ 0.02) and negatively with the expression of PTEN (P ¼ 0.054) ( Table 2 ). Other posphorylated sites/proteins including phospho-Thr308 Akt, phospho-Ser2448 mTOR and phospho-Ser235/236 S6RP failed to display association with the PTEN status (Table 2) .
Rapamycin induces Akt activation in resistant PTEN-deficient bladder cancer cells. To better understand the influence of PTEN expression on the efficacy of mTOR inhibitors, we used three human bladder cancer cell lines with different PTEN status.
UM-UC-3 cells show homozygous deletion of PTEN, UM-UC-9 cells have reduced PTEN expression and UM-UC-14 cells express wild-type PTEN. These three cell lines were treated with increasing doses of the mTOR inhibitor rapamycin for 72 h (Figure 2A ). Whereas the UM-UC-14 cells were highly sensitive to mTOR inhibition, with a 50% decrease in cell proliferation in the presence of 1 nM rapamycin, UM-UC-9 and UM-UC-3 showed a 15% and 5% reduction in cell density following exposure to 100 nM rapamycin (vs untreated cells), respectively. Immunoblotting experiments further documented that S6RP phosphorylation on serines 235/236 was similarly fully inhibited in either UM-UC-3 or UM-UC-14 cells ( Figure 2B ), confirming the efficient inhibition of mTOR activity with rapamycin independently of the PTEN status. Contrasting effects on Akt activation were however observed in response to rapamycin. Whereas a net increase in Ser473 Akt phosphorylation was observed in rapamycin-treated UM-UC-3 cells, no change was observed in UM-UC-14 cells ( Figure 2B ). Immunocytochemistry confirmed that rapamycin induced a dramatic increase in Ser473 Akt phosphorylation in PTENdeficient UM-UC-3 cells but failed to do so in PTEN-expressing UM-UC-14 ( Figure 2C ).
Resistance to rapamycin in PTEN-deficient cancer cells is relieved by the PI3K inhibitor wortmannin. To investigate the possible role of Akt activation in the development of rapamycin resistance, we used the PI3K inhibitor wortmannin. We found that wortmannin alone reduced the proliferation of UM-UC-3 and UM-UC-14 cells by 12% and 48%, respectively ( Figure 3A) . In UM-UC-14 cells, the association of wortmannin with rapamycin resulted in a slightly higher toxicity (vs rapamycin alone) ( Figure 3A ). More interestingly, in PTEN-deficient UM-UC-3 cells, addition of wortmannin synergistically (Po0.01) enhanced the toxicity of rapamycin, reducing cell proliferation by 40% when compared with rapamycin alone ( Figure 3A) . Immunoblotting experiments showed that wortmannin completely abrogated the increase in Ser473 Akt phosphorylation in rapamycin-treated UM-UC-3 cells ( Figures 3B and C, left panel) . Detection of the phosphorylated form (Ser 9) of GSK3, a bona fide effector of Akt activation, further confirmed that in PTEN-deficient UM-UC-3 cells, rapamycin treatment significantly stimulated the pro-survival Akt/GSK3 pathway in a wortmannin-sensitive manner, whereas in PTEN-expressing UM-UC-14 cells, GSK3 phosphorylation was prevented by rapamycin ( Figure 3B ). Interestingly, wortmannin alone significantly reduced the extent of Ser235/236 S6RP phosphorylation in both UM-UC-3 ( À 35%) and UM-UC-14 cells ( À 95%) (Figures 3B and D) .
Wortmannin sensitises PTEN-deficient UM-UC-3 tumours to mTOR inhibition in vivo. We then explored the effects of rapamycin and wortmannin on the in vivo growth of bladder tumours. Mice were injected s.c. with either UM-UC-3 and 
Abbreviations: mTOR ¼ mammalian target of Rapamycin; TCC ¼ transitional cell carcinoma. The relative extent of protein expression/phosphorylation was compared using calculated H-scores.
UM-UC-14, and when the corresponding tumours reached a diameter of 5 mm, they were treated with rapamycin, wortmannin or both. Consistently with the association between PTEN loss and disease aggressiveness observed in patients, UM-UC-3 xenografts presented a more rapid growth than UM-UC-14 xenografts ( Figure 4A ). In UM-UC-3 xenografts, wortmannin alone had no significant effect on tumour growth but deeply increased the antitumor effects of rapamycin when both drugs were administered concomitantly ( Figure 4A , left panel). In UM-UC-14, rapamycin and wortmannin, used as monotherapy, inhibited tumour growth; combination of both, however, had no further impact ( Figure 4A , right panel).
Immunohistochemical analysis of corresponding tumour sections showed that (i) rapamycin increased Akt phosphorylation in UM-UC-3 cells but not in PTEN-expressing UM-UC-14 cells ( Figure 4B and Supplementary Figure 2A) , whereas it completely inhibited S6RP phosphorylation in both cell types ( Figure 4C and Supplementary Figure 2B ), (ii) wortmannin associated with rapamycin completely blocked the phosphorylation of both Akt and S6RP in both cell phenotypes ( Figure 4B and Supplementary  Figures 2A and B) . Of note, wortmanin used alone barely influenced the extent of phospho-S6RP in UM-UC-3 cells but completely inhibited it in UM-UC-14 cells ( Figure 4C and Supplementary Figure 2B) .
PTEN re-expression in PTEN-negative UM-UC-3 restores the sensitivity to rapamycin. To definitively prove the role of PTEN loss in the resistance to mTOR inhibitor observed both in vitro and in vivo, we transfected PTEN-deficient UM-UC-3 cells with a PTEN-expressing plasmid ( Figure 5A ). We found that PTEN re-expression led to a significant decrease in cell proliferation in response to rapamycin (Po0.01) ( Figure 5B) . Immunoblotting experiments further showed that the expression of PTEN in UM-UC-3 cells prevented the phosphorylation of Akt in response to rapamycin treatment (Figures 5C and D for quantification).
DISCUSSION
The current study was initiated following a phase II clinical trial, which led us to document that PTEN loss was unexpectedly associated with resistance to the mTOR inhibitor everolimus in patients with advanced bladder cancer (Seront et al, 2012) . These results were indeed in contrast with the anticipated stimulation of the mTOR pathway by the upstream PI3K/Akt activation unhampered by the phosphatase PTEN. In the current study, the identification of a correlation between PTEN loss and Akt phosphorylation in TCC patients led us to postulate that instead of stimulating mTOR and thereby sensitising tumours to inhibitors of this pathway, Akt activation had a pro-survival role opposing the antitumour effects of mTOR inhibition. Using bladder cancer cell lines with distinct PTEN status, we actually found that PTEN loss can facilitate a negative feedback loop leading to PI3K/Akt activation in response to rapamycin treatment. Furthermore, the use of the PI3K inhibitor wortmannin led us to document both in vitro and in vivo that the prevention of rapamycin-induced Akt activation sensitised PTEN-deficient bladder cancer cells to mTOR inhibition. Moreover, PTEN re-expression in these PTEN-deficient cells prevented Akt activation and restored the sensitivity to rapamycin. In bladder tumour cells expressing wild-type PTEN, we did not observe rapamycin-induced activation of Akt, confirming the inhibitory role of PTEN on the PI3K/Akt signaling cascade and in agreement with the lack of Akt activation in PTEN-positive TCC patients responding to everolimus.
Interestingly, the basal activity of Akt in PTEN-expressing bladder cancer cells was associated with a higher phosphorylation level of GSK3 than that in the PTEN-deficient cells ( Figure 3B ). Moreover, in cells with functional PTEN, rapamycin completely abrogated Akt phosphorylation and dramatically decreased GSK3 phosphorylation ( Figure 3B ). These observations indicate that at least part of Akt activity is under the control of mTOR in PTENexpressing cells. This observation warrants further investigation to determine whether this involves the mTORC2 complex known to support Akt activation (Guertin and Sabatini, 2007; MericBernstam and Gonzalez-Angulo, 2009; Vilar et al, 2011) . Interestingly, wortmannin used alone could actually reduce the extent of phospho-S6RP in both PTEN phenotypes in vitro ( Figure 3B ) and in vivo (Figures 4D and E) . Although the capacity of wortmannin to also interfere with mTOR activity (Brunn et al, 1996; Feldman and Shokat, 2010) could partly account for these effects, the action of the PI3K inhibitor as monotherapy was more pronounced in the presence of functional PTEN ( Figures 3B and 4C ). Altogether, these data indicate that inhibition of Akt can not only sensitise PTEN-deficient tumour cells to the effects of mTOR inhibition but can also cooperate with mTOR inhibitors to exert antitumour effects in wild-type PTEN-expressing cancer types. This exploratory study therefore positions the tumour PTEN status as an additional layer of regulation in the previously reported Akt-driven feedback loop associated with resistance to mTOR inhibitors (Sun et al, 2005; O'Reilly et al, 2006; Yohn et al, 2011) . This suggests that clinically the loss of PTEN should not automatically be associated with an increased sensitivity to mTOR inhibitors because of an expected increased activation of the PI3K/ Akt pathway. Although this association may be true and was reported in different preclinical studies Podsypanina et al, 2001; Shi et al, 2002; Steelman et al, 2008) , we have documented here an opposite relationship in TCC patients and in mice bearing bladder tumours. In these settings, PTEN loss may actually decrease the antitumoral efficacy of mTOR inhibitors. Limitations to our work should however be emphasised, considering the limited number of enrolled TCC patients and the use of human bladder cancer cell lines exhibiting distinct PTEN status but being non-isogenic and thus with other possible alterations in the PI3K/Akt/mTOR axis. Still, in support to our observations, it is noteworthy that Cloughesy et al (2008) previously reported that 1-week administration of rapamycin before the surgery of glioblastoma lacking PTEN expression induced Akt activation in the subset of patients with the shorter time-to-progression. More generally, our study could also explain the poor predictive value of PTEN loss to anticipate the efficacy of mTOR inhibitors in clinical trials (Figlin et al, 2009; Javle et al, 2010; Oza et al, 2011; Fleming et al, 2012; Tredan et al, 2012) . Recently, using 31 breast cancer cell lines, Weigelt et al (2011) could exclude that cells harbouring PTEN loss were more sensitive to mTOR inhibitors . More definitive validation of our work, however, would require to prospectively stratify cancer patients according to their tumour PTEN status in future clinical trials evaluating rapalogs as anticancer agents. Finally, our results give more credential to the association of mTOR and PI3K inhibitors or the use of drugs combining both activities (Markman et al, 2010) , as such strategy should be beneficial both for tumours expressing or not wild-type PTEN. 
